The property-activity relationship is usually established to understand the toxicity mechanism of nanomaterials. In the present study, different morphological Cu 2 O nanocrystals, octahedrons, truncated octahedrons, cuboctahedrons, and cubes, were synthesized to precisely tuning the {100} and {111} facet percentages in purpose of systematically investigating the toxicity role of crystallographic facets in BEAS-2B and RAW 264.7 cells. It was found that the toxicity of polyhedral Cu 2 O nanocrystals was highly dependent on the exposed {100} surface after short-term exposure because {100} facets could produce more reactive oxygen species (ROS) than {111} facets; however, after long-term exposure, their toxicity showed again the correlation with total surface property because toxic copper ions were largely released from the whole nanocrystal surface irrespective of {100} or {111} facet and this copper dissolution caused the collapse of surface crystals and the vanishing of ROS. This study reveals the potential hazard of crystallographic facets based on ROS and metal dissolution mechanism at the different exposure time.
Cuprous oxide (Cu 2 O) nanocrystals have extensive applications in lithium-ion batteries (Le et al., 2009; Poizot et al., 2000; Schulz and Cox, 1991) , gas sensing (Zhang et al., 2006) , CO oxidation (White et al., 2006) , photoactivated water (Hara et al., 1998) , photodegradation of dye molecules (Ng and Fan, 2006) , bioantimicrobial (Hans et al., 2013; Lee et al., 2011b; Li et al., 2013; Pang et al., 2009; Ren et al., 2011; Sunada et al., 2012) , and chemistry template (Zhang et al., 2007) because it is easily achieved and low prices. Recently, Cu 2 O nanocrystals were used as active ingredients of fungicides in agriculture to protect coffee, cocoa, tea, banana, citrus, and other plants from major fungal leaf and fruit diseases such as blight, downy mildew, and rust. All these applications make it possible for Cu 2 O nanomaterials to enter human body through the ingestion route, potentially causing severe hazard to human being. Moreover, during the production and transportation of Cu 2 O nanoparticles in industry, workers are exposed to Cu 2 O nanoparticle dusts, which potentially cause harm to the workers through inhalation and skin absorption routes.
In order to increase the performance of Cu 2 O nanomaterials, Cu 2 O nanocrystals with various morphologies, such as nanocubes Murphy, 2003, 2004) , nanooctahedrons Choi, 2004, 2006) , and other polyhedral structures (Ho and Huang, 2009; Kuo and Huang, 2008a,b) have been synthesized to selectively expose specific crystallographic facets on the surface because these facets have been found a close correlation with the performance of Cu 2 O nanocrystals. For instance, Cu 2 O nanooctahedrons enclosed by {111} facets were found more conductive than Cu 2 O nanocubes bound by {100} facets (Tan et al., 2015) . Also, Cu 2 O nanooctahedrons with {111} facets exhibited moderately good photocatalytic activity towards the photodegradation of methyl orange, whereas Cu 2 O nanocubes with {100} facets were practically not active for this photodegradation (Ho and Huang, 2009; Huang et al., 2012) . Obviously, crystallographic facets are very important physicochemical properties to tune the performance of Cu 2 O nanomaterials.
The toxicity of nanomaterials has been known to be closely correlated with their physicochemical properties (Nel et al., 2009; Zhu et al., 2013) . Size, shape, charge, crystallinity, metal dissolution, and surface reactivity have been widely reported capable of inducing a series of toxicological responses (Nel et al., 2009; Zhu et al., 2013) . The toxicity mechanism of metal oxide nanomaterials has been widely investigated (Baek and An, 2011; Braydich-Stolle et al., 2009; Gajewicz et al., 2015; Puzyn et al., 2011; Simon-Deckers et al., 2009) . Leszczynski et al. made the significant contribution to this field and proposed two types of mechanisms of toxic action that are collectively applied in a nano-QSAR model: one is the detachment of metal cations from the surface of metal oxide nanoparticles, and the other is redox properties of the metal oxides surface. Braydich-Stolle et al. found the toxicity mechanism underlying the cell death induced by TiO 2 nanoparticles was dependent on crystal structure that anatase could induce cell necrosis HEL-30 mouse keratinocyte cell line, whereas rutile initiated apoptosis through the formation of reactive oxygen species (ROS). Simon-Deckers et al. investigated the toxicity of TiO 2 and Al 2 O 3 nanoparticles, and concluded there existed chemical composition, size-, surface charge-, and shape-dependent toxicity. Baek and An evaluated the microbial toxicities of 4 metal oxide nanoparticles (CuO, NiO, ZnO, and Sb 2 O 3 ) in Escherichia coli, Bacillus subtilis, and Streptococcus aureus, and found that CuO was the most toxic among the tested nanoparticles, followed by ZnO, NiO, and Sb 2 O 3 nanoparticles, and metal ions dissolved from these metal oxide NPs were considered to be negligible in induction of toxicity. However, few studies have focused on the adverse effect of crystallographic facet, which potentially can affect metal ion release, redox property, and surface charge. The well-defined crystallographic facets are the most important property of polyhedral Cu 2 O nanocrystals in exerting their prominent performance (Tan et al., 2015; Xu et al., 2011) , where the unique atom arrangements play a critical role. However, the unique atom arrangements are usually accompanied by the generation of oxygen vacancy, unsaturated coordination, distorted structures, and dangling atoms, which can result in the reactive oxygen species (ROS) generation and surface atom releasing, causing deleterious effects to human health (Nel et al., 2009; Zhang et al., 2012b Zhang et al., , 2014 . So it is necessary to understand the potential hazard and property-activity relationship of polyhedral Cu 2 O nanocrystals in terms of crystallographic facets.
In the present study, a library of Cu 2 O nanocrystals was prepared with morphology evolution from octahedron, truncated octahedron (T-octahedron), cuboctahedron, to cube by a single method, aiming to clarify the toxicity behaviors of {100} and {111} crystallographic facets as one of basic physicochemical properties of nanomaterials. The percentages of {100} and {111} facets in the nanocrystals were precisely tuned in purpose of systematically facet-toxicity relationship. Considering the inhalation is a primary route of entry for nanomaterials, the toxic behaviors of achieved polyhedral Cu 2 O nanocrystals were investigated in normal human bronchial epithelial (BEAS-2B) cells and murine alveolar macrophages (RAW 264.7), which are representatives of a lung target for nanomaterials (GarciaCanton et al., 2013; Veranth et al., 2007) . It was found that polyhedral Cu 2 O nanocrystals could show {100} facet-dependent toxicity after short-term exposure due to the {100} facetdependent ROS generation, but after long-term exposure, the toxicity again was correlated with the total surface of these nanocrystals because Cu dissolution occurred on the whole surface and did not distinguish {100} or {111} facets, and Cu dissolution destroyed the unique atom arrangement of facets, leading to negligible ROS generation. Compared with the previously reported the released Cu ion-induced toxicity of copper oxide, crystallographic surface-triggered and ROS-mediated toxicity was first found in current Cu 2 O nanocrystals with {100} facets.
MATERIALS AND METHODS

Synthesis of Cu 2 O Nanocrystals
Polyhedral Cu 2 O nanocrystals were synthesized through the method reported by Huang et al. with a little modification. To achieve octahedrons, truncated octahedrons, cuboctahedrons and cubes, 190, 185, 183, and 180 mL of deionized water were added to four vials, and each vial received 2 mL of 0.1 M CuCl 2 and 4 mL of 1.0 M NaOH aqueous solution, followed by 10 s shaking. About 1.74 g of SDS powder was added to each vial with vigorous stirring until the solution was pellucid. Finally, 5, 9, 11, and 14 mL of 0.2 M NH 2 OH Á HCl was added to each vial to turn the solution from light blue to yellow. All the vials were kept at 37 C for 2 h for aging. The resulting solution was centrifuged at 4000 rpm for 2 min, and the precipitates collected and washed three times with acetone and deionized water in turn to remove unreacted chemicals and SDS surfactants. The final products were dried in vacuum for subsequent use.
Cell Culture
Human bronchial epithelial (BEAS-2B) and mouse macrophages cell lines (RAW 264.7) were purchased from ATCC and cultured in vented T-75 cm 2 flasks (Corning, Fisher Scientific, Pittsburgh, PA) in a humidified 5% CO 2 atmosphere at 37 C. The medium was changed every 2 days, and the cells were passaged by trypsinization before confluence. BEAS-2B cells were grown in BEGM medium, whereas RAW 264.7 cells were cultured in DMEM medium containing 10% fetal calf serum (FCS), 100 U mL À1 penicillin, 100 lg mL À1 streptomycin, and 2 mM L-glutamine.
Cytotoxicity Assessment
Cell viability was determined by an MTS assay, which was carried out with CellTiter 96 Aqueous (Promega Corp.) kit. There were 1 Â 10 4 BEAS-2B or RAW 264.7 cells in 100 lL of culture medium plated in each well of a 96-multiwell plate (Costar, Corning, NY) for overnight growth, followed by the introduction of 0. 39, 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50, 100 , and 200 lg mL À1 nanocrystal suspensions to treat cells for 3 h or 24 h. Then, cell viabilities were tested by standard MTS assay.
RESULTS
Synthesis and Physicochemical Characterization of Cu 2 O Nanocrystals
Cu 2 O nanocrystals with different morphologies were synthesized in an aqueous solution of cupric chloride (CuCl 2 ) and sodium hydroxide (NaOH) using sodium dodecyl sulfate (SDS) as surfactant and hydroxylamine (NH 2 OH) as reductant (Ho and Huang, 2009 ). Different morphologies from octahedron to cube were precisely adjusted through controlling the amounts of hydroxylamine in the reaction. Figure 1A presents the SEM and TEM images of achieved Cu 2 O nanocrystals, and different morphologies of octahedron, T-octahedron, cuboctahedron, and cube can be clearly distinguished. The octahedron has eight {111} facets with two little truncated apexes, and T-octahedron nanocrystals are composed of six square {100} faces and eight hexagon {111} facets, whereas the cuboctahedron is composed of six square {100} facets and eight triangular {111}facets and cubic nanocrystals have six {100} facets. {100} percentages in octahedron, T-octahedron, cuboctahedron, and cubes were 5, 22.4, 63.4, and 98.3%, respectively, whereas {111} percentages were 95, 77.6, 36.6, and 1.7%. Based on TEM images, the primary sizes of octahedron, T-octahedron, cuboctahedron, and cubes were 240 6 33, 277 6 25, 274 6 36, and 333 6 23 nm, respectively ( Figure 1B ), and the specific surface area were 5.107, 1.906, 2.45, and 2.994 m 2 g 21 ( Figure 1B ). These Cu 2 O nanocrystals were well dispersed in distilled water, resulting in hydrodynamic sizes of 350 6 29.08 nm (octahedron), 333.4 627.45 nm (T-octahedron), 300.8 6 15.07 nm (cuboctahedron), and 380.1 6 20.15 nm (cube), as determined by DLS ( Figure 1B ). Zeta potential measurement indicated all these nanocrystals showed negative surface charges of À24.3 6 2.03 mV (octahedron), À24.3 6 2.56 mV (T-octahedron), À17.9 6 2.3 mV (cuboctahedron), and À33.3 6 2.63 mV (cube) in distilled water ( Figure 1B ). The detailed crystal structure of these Cu 2 O crystals was reflected by their similar XRD patterns ( Figure 1C ), which were indexed to the cubic crystalline phase according to the standard card (PDF card no. 65-3288), indicating all the Cu 2 O nanocrystals are of high-quality, purity, and single-crystalline phases. In summary, the characterization data reveals the achieved polyhedral Cu 2 O nanocrystals have a series of homologous physicochemical properties except different morphologies associated by different percentages of {100} and {111} facets.
Toxicity Behavior of Polyhedral Cu 2 O Nanocrystals
Hazardous nanomaterials usually show different toxicity behavior dependent on their exposure periods . The real-time fluorescent propidium iodide (PI) assay for cell death is a convenient and efficient approach to distinguish the different toxicity behavior of nanomaterials over a long period of exposure Atale et al., 2014) . Thus, in order to understand the overall toxicological profiles of polyhedral Cu 2 O nanocrystals, a real-time fluorescent PI assessment was performed over a long-time period to examine the toxicological responses of BEAS-2B cells exposed to different polyhedral Cu 2 O nanocrystals over a wide dose range (0.4-200 lg mL À1 ) and for multiple time periods ranging from 1 to 6 h and again at 24 h. Statistical analysis of the fluorescence intensity was performed by a strictly standard mean difference (SSMD) method, assessing the significant difference in toxicological responses between the treated and untreated cells. These data were used to generate a heat map in which a red display signifies significant toxicity, whereas a green/blue one represents safety. The heat map in Figure 2A reveals that Cu 2 O nanocrystals initiate to induce different population of cell death at 3 h, where cubes showing the most potent toxicity, followed by cuboctahedron, T-octahedron, and octahedron; however, at 24 h, the PI responses are almost identical in cells exposed to different nanocrystals.
To verify the toxicity profiles of Cu 2 O nanocrystals achieved in the PI assay, the cell viability assessments by MTS assays were further performed in BEAS-2B cells after 3 ( Figure 2B ) or 24 h ( Figure 2C ) exposure to Cu 2 O nanocrystals. The result showed cell viability could be differently affected by polyhedral Cu 2 O nanocrystals after 3 h exposure, where cube showed the most potent toxicity, followed by cuboctahedron, T-octahedron, and octahedron, whereas there was no remarkable toxicity difference between different nanocrystals after 24 h exposure. A similar toxicity trend was also obtained in RAW 264.7 cells despite considerably smaller susceptibility (Supplementary Figure 1A for 3 h; Supplementary Figure 1B for 24 h). These results are consistent with those of cell death assessments (Figure 2A) , suggesting there exist different toxicity mechanisms for polyhedral Cu 2 O nanocrystals at 3 h (the early stage) and 24 h (the late stage) exposure.
Analysis of the Property-Activity Relationship of Polyhedral Cu 2 O Nanocrystals
A lot of studies have been put forward to explain the toxicity mechanism of nanomaterials based on their physicochemical properties (Nel et al., 2009; Zhu et al., 2013) . Because polyhedral Cu 2 O nanocrystals had similar particle size, surface area, hydrodynamic size, surface charge, and crystallinity, the significantly different toxicity of these Cu 2 O nanocrystals after 3 h exposure cannot be triggered by these physicochemical properties. Other different properties should be taken into account.
Role of Morphology
The different morphologies of polyhedral Cu 2 O nanocrystals potentially are important factors affecting the interaction of nanocrystals and cells. The nanomaterials with significantly different aspect ratios have been reported showing different toxicities, which are mainly attributed to the different cellular uptake Qiu et al., 2010) . Cellular uptake of Cu 2 O nanocrystals after 3 h or 24 h exposure was investigated in both BEAS-2B and RAW 264.7 cells, and the cellular Cu contents were determined by ICP-OES. The results showed the cellular uptake of nanocrystals was fairly uniform after 3 h ( Figure 3A and Supplementary Figure 2A ) or 24 h exposure ( Figure 3B and Supplementary Figure 2B) , which means the difference in morphology did not induce different cellular uptake. The different toxicities of nanocrystals after 3 h exposure rule out the morphological effects of these nanocrystals. However, the similar cellular uptake of nanocrystals after 24 h exposure is a potential reason for the similar toxicity behaviour of nanocrystals.
Role of Facet
Considering the different percentages of specific crystallographic facets are significantly different among these polyhedral Cu 2 O nanocrystals, the relationship of cell viability and facet surface area was further analyzed. For the toxicity profiles of nanocrystals in BEAS-2B cells after 3 h exposure, the dose metrics of nanocrystals shown in Figure 2B were converted from mass to {100} surface area ( Figure 4A ), {111} surface area ( Figure 4B ), and total surface area ( Figure 4C ), generating various dose-response relationships. It was found the cell viability data could only be well fitted with {100} surface area, showing an R value is 0.94) ( Figure 4F ) rather than {100} or {111} surface area, suggesting the physicochemical property related to the total surface area is involved into the toxicity mechanism of polyhedral Cu 2 O nanocrystals after 24 h exposure, which is different from that of 3 h exposure. Similar analysis results according to cell viability versus surface area were also obtained in RAW 264.7 cells (Supplementary Figure 3) , corroborating the intense correlation of {100} facet and total surface area with the toxicity of nanocrystals after 3h and 24 h exposure, respectively.
Property-Activity Relationship in Terms of {100} Facet after ShortTerm Exposure
Although the toxicity of polyhedral Cu 2 O nanocrystals is rarely reported, the toxicity of spherical Cu 2 O nanoparticles has been investigated and the toxicity mechanism is mainly attributed to copper dissolution (Meghana et al., 2015; Seo et al., 2016) or abiotic reactive oxygen species (ROS) generation (Fan et al., 2012; Meghana et al., 2015) . So, the toxic roles of Cu dissolution and abiotic ROS of polyhedral Cu 2 O nanocrystals were mainly investigated after short-term exposure (3 h). Cu dissolution of polyhedral Cu 2 O nanocrystals was examined in cell culture medium using ICP-OES analysis. About 200 lg mL 21 nanocrystals were incubated in culture medium at 37 C for 3 h, and the supernatants were collected after centrifugation for the quantitative assessment of elemental Cu content by ICP-OES. Figure 5A shows the different levels of Cu dissolution of polyhedral Cu 2 O nanocrystals in BEGM culture medium, and the cell viability data of BEAS-2B cells exposed to nanocrystals for 3 h (as shown in Figure 2B ) cannot be fitted with the released Cu ion doses ( Figure 5B ). More importantly, free Cu 2þ ions at identical concentrations to the released Cu ions from nanocrystals were found unable to affect the cell viability after 3 h treatment ( Figure 5C ). Similar assay. Heat maps were established using SSMD statistical analysis. Cells were treated with a wide dose range of nanocrystals (0.4, 0.8, 1.6, 3.2, 6.3, 12.5, 25, 50, 100, and 200 lg mL À1 ). Fluorescence intensity was measured hourly for the first 6 h and then again at 24 h. B, Cell viability assessment after 3 h exposure. C, Cell viability assessment after 24-h exposure. Cells were treated with the same dose range of nanocrystals, and cell viability was assessed by MTS assay.
FIG. 3. ICP-OES analysis of the cellular Cu contents in BEAS-2B cells. A, polyhedral
Cu 2 O nanocrystals were exposed for 3 h. B, The exposure time was 24 h. Cells were treated with 6.25 lg mL À1 nanocrystals for 3 h or 24 h, and the cellular Cu contents were determined by ICP-OES.
results were also obtained in RAW 264.7 cells (Supplementary Figure 4) . Thus, metal dissolution is ruled out of inducing the different toxicity of polyhedral Cu 2 O nanocrystals after 3 h exposure. Different ROS generation of polyhedral Cu 2 O nanocrystals potentially can cause different toxicities. Oxygen vacancy as a common defect feature has been reported existing on the surface of Cu 2 O nanocrystals, which can dissociatively adsorb water molecules Yu et al., 2015) to generate hydroxyl radicals (one type of ROS) that are deleterious to cells. If the {100}-dependent toxicity of polyhedral Cu 2 O nanocrystals is related to ROS, there probably exists {100}-dependent ROS generation on these polyhedral Cu 2 O nanocrystals. A fluorescent dye, 2 0 ,7 0 -dichlorofluorescein (DCF) (Rushton et al., 2010) , is a general reagent to assess abiotic ROS generation on nanomaterials' surface. The ROS generation on Cu 2 O nanocrystals was Figure 2B for the toxicity after 3 h exposure were converted from mass to (A) {100} surface area, (B) {111} surface area, and (C) total surface area. Similar conversation was also performed on Figure 2C for toxicity after 24 h exposure, and mass doses were converted to (D) {100} surface area, (E) {111} surface area, and (F) total surface area. ) of Cu ions, and cell viability was assessed by the MTS assay.
FIG. 4. Correlation of cell viability with surface area in BEAS-2B cells. Dose metrics of polyhedral Cu 2 O nanocrystals shown in
examined by fluorescence enhancement of DCF at 520 nm. DCF assessments demonstrated that all these Cu 2 O nanocrystals could significantly increase the DCF fluorescence in PBS, and a progressive increase in fluorescence intensity was found from octahedron to cube ( Figure 6A ). The same trend was also observed in culture medium (BEGM and DMEM, Supplementary  Figure 6 ), although the fluorescence intensity was not as high as those in PBS, which means that generated ROS could keep active in cellular condition that contains biological additives or serum. Thus, the toxicological mechanism probably was involved in ROS production of faceted Cu 2 O nanocrystals. However, DCF is a general ROS detection dye and does not distinguish the radical types, and additional dyes were used to identify HO• or O 2 • À generation on Cu 2 O nanocrystals. Abiotic HO• generation can be assessed by 3 0 -(p-aminophenyl) fluorescein (APF) (Matsui et al., 2010) , which emits fluorescence at 515 nm, whereas O 2 • À generation can be assessed by 3-bis(2-methoxy-4-nitro-5-sulfophehyl)-2H-tetrazolium-5-carboxanilide) (XTT), which has an absorbance maximum at 465 nm. Assessments of these two dyes showed that Cu 2 O nanocrystals could induce APF fluorescence enhancement following the similar tendency with DCF ( Figure 6B ), whereas there was no comparable increase in XTT absorbance. However, xanthine/xanthine oxidase, a well-established O 2 À generating system, did induce XTT absorbance ( Figure 6C ). The electron spin resonance (ESR) spectra further confirmed that the HO• generation with a relative intensity ratio of 1:2:2:1 quartet characteristics of DMPO À HO• was observed in T-octahedron, cuboctahedron, and cube, and their intensities were progressively increased with the increase of {100} percentages, and the intensity difference was significant ( Figure 6D ). All these results demonstrate that {100} facets of Cu 2 O nanocrystals have higher potency to generate HO• radicals than {111} facets, suggesting the possible relationship of {100} facet-dependent HO• generation with the {100} facet-dependent toxicity. The HO• radicals are highly reactive species able to react with a vast range of biomacromolecules and damage cell organelles (Weidinger and Kozlov, 2015) . Surface HO• on octahedron, T-octahedron, cuboctahedron and cubes can offer nanocrystals with high surface reactivity capable of strongly interacting with cell membrane and resulting in cell death (Zhang et al., 2012a; Zhang et al., 2011) . The surface reactivity of nanomaterials is usually evaluated by their potential hemolytic activity on red blood cells (RBCs) (Dobrovolskaia et al., 2008; Razzaboni and Bolsaitis, 1990) . RBCs were incubated with 25, 50, 100, and 200 lg mL 2 1 polyhedral Cu 2 O nanocrystals in phosphate buffer saline (PBS) for 3 h, and the hemoglobin release in the supernatant due to membrane disruption was determined by absorbance at 541 nm. Figure 7A shows that the hemolysis effect is progressively increased from octahedron to cube, which can be presented in the photographs (inset of Figure 7A ). Considering above {100} facet-dependent toxicity of polyhedral Cu 2 O nanocrystals at 3 h, the hemolytic activity of these nanocrystals was also analyzed according to different surface area doses ( Figure 7B-D) , which indicates that the percent hemolysis data as shown in Figure 7A could only be well fitted with {100} surface area ( Figure 7B ), which is consistent with the toxicity results at 3h and demonstrates {100} facet-dependent toxicity originates from {100} facet-dependent surface reactivity that was contributed by hydroxyl radicals.
Property-Activity Relationship in Terms of Total Surface after LongTerm Exposure
Metal dissolution study was also performed in polyhedral Cu 2 O nanocrystals incubated in culture medium for 24 h. Based on Cu dissolution of these nanocrystals in cell culture medium ( Figure 8A for BEGM and Supplementary Figure 5A for DMEM), the cell viability data in BEAS-2B cells and RAW 264.7 cells shown in Figure 2C and Supplementary Figure 1B were depicted against the released Cu ion doses, resulting in two well-fitted curves with R 2 values of 0.98 ( Figure 8B ) and 0.96 (Supplementary Figure 5B) , respectively, which suggests the toxicity of polyhedral Cu 2 O nanocrystals after 24 h exposure closely correlates with Cu dissolution. Because these nanocrystals showed similar cellular uptake ( Figure 3B and Supplementary Figure 2B) and their toxicity were total surface area-dependent after 24 h exposure ( Figure 4F and Supplementary Figure 3F) , the relationship of the Cu dissolution and the surface area was further analyzed through comparing their profiles in different polyhedral nanocrystals. Figure 8C -E showed that the variation tendency of Cu dissolution in polyhedral Cu 2 O nanocrystals was consistent with that of total surface area ( Figure 8E ), but irrelative with that of {100} ( Figure 8C ) or {111} ( Figure 8D ) surface area. All these data demonstrate that the toxicity of polyhedral Cu 2 O nanocrystals after 24 h exposure is attributed to Cu dissolution that is dependent on total surface area.
The ROS role in the toxicity of polyhedral Cu 2 O nanocrystals at 24 h was also investigated through abiotic ROS assessments. Figure 9A and B shows that the induced DCF and APF fluorescence enhancements by polyhedral Cu 2 O nanocrystals at 24 h were much lower than those at 3 h, meaning ROS generation on nanocrystals is very weak at 24 h. The significantly reduced ROS is probably related to the high copper dissolution because the high percentages of copper ions (70%-86%) are released from the whole crystal surface of nanocrystals, which can dramatically destroy the crystal structures and unique atom arrangements of nanocrystals, and get rid of the oxygen vacancy, leading to reduced hydroxyl radicals. Taken all together, it can be concluded the total surface area-dependent toxicity of polyhedral Cu 2 O nanocrystals after 24 h exposure is induced by copper dissolution.
DISCUSSION
In the present study, a series of polyhedral Cu 2 O nanocrystals, including octahedrons, truncated octahedrons, cuboctahedrons, and cubes, were prepared to precisely tailor the percentages of {100} and {111} facets, whereas keeping other physicochemical properties consistent, such as crystalline structures, primary sizes, surface area, hydrodynamic sizes, and surface charges (Figure 1) . The toxicity behavior of crystallographic facets was systematically investigated in terms of exposure periods. The initial toxicity investigation based on cell death (PI assay) and cell viability assessment (MTS assay) revealed that there existed different toxicity mechanism between short-term and longterm exposure (Figure 2) , where {100} facet-dependent toxicity was only found after short-term exposure ( Figure 4A ), whereas the total surface rather than {100} or {111} facet alone was involved in the toxicity mechanism after long-term exposure ( Figure 4F ). For nanomaterials with reactive surface, the strong interaction between nanoparticles and cell membrane at the nano-bio interface can dramatically damage the cell membrane and trigger toxicological responses. This process can be completed within a short period, such as 3 h. The typical hemolytic effects of red blood cells exposed to nanomaterials were usually examined within 3 h, such as Cu 2 O naomaterials , silica nanoparticles (Lin and Haynes, 2010; Slowing et al., 2009) . Moreover, the early-stage toxicological responses of nanomaterials are usually considered very valuable for understanding their overall toxicity mechanism, especially the involvement of the susceptible signaling pathways. Hierarchical oxidative stress responses (Tier 1, Tier 2, and Tier 3) induced by nanomaterials were usually monitored within 0-6 h to investigate the susceptible Nrf2-, MAPK-, and NFrB-mediated toxicological responses (George et al., 2010; Xia et al., 2008) . In-depth property-toxicity relationship studies demonstrated {100} facetdependent toxicity was caused by {100} facet-dependent surface reactivity ( Figure 7B ) that was contributed by abiotic hydroxyl radical generation on {100} facets ( Figure 6B and 6D) , and the total surface-dependent toxicity after long-term exposure was induced by Cu dissolution from the whole surface ( Figure 8B ) that did not distinguish {100} or {111} facet (Figure 9 ). Toxicity mechanism diversity was displayed in these polyhedral Cu 2 O nanocrystals.
The toxic behavior of crystallographic facets was highly concerned in the present study. The unique atom arrangement of the specific facet usually contributes the peculiar surface property and reactivity. Previous study has demonstrated the oxygen vacancy on {100} surface of Cu 2 O can facilitate water molecules to dissociatively absorbed on {100} surface, leading to distortion of water molecules and formation of HO• . After short-term exposure, polyhedral Cu 2 O nanocrystals showed {100} facet-dependent toxicity ( Figure 4A ). Abiotic ROS assessments based on DCF, APF, and ESR assays revealed the HO• generation on these nanocrystals was progressively increased with the increase of {100} facet ( Figure 6A , B, and D), which is consistent with the reported ROS generation on {100} surface of Cu 2 O . The HO• radicals are highly reactive species able to abstract hydrogen from nearly any C-H bond (Weidinger and Kozlov, 2015) and is, therefore, to react with a vast range of biomacromolecules, such as lipids, potentially capable of disrupting the cell membrane. The surface reactivity study based on hemolytic activity of nanocrystals demonstrated a good correlation between surface reactivity and {100} surface. Although the hemolytic activity of nanomaterials is generally dependent on the mechanical interaction between the membrane of RBCs and the surface of nanomaterials that have strong cationic charges and active organic groups Zhu et al., 2013) , the hemolytic activity of polyhedral Cu 2 O nanocrystals could not be ascribed to these properties because these particles showed weak anionic charges and few organic molecules were involved in the particle preparation. Previous studies have reported the hemolytic activity of microscale crystalline silica particles (Min-U-Sil) and nanoscale amorphous silica particles (Fumed silica) could be ascribed to the surface ROS (Razzaboni and Bolsaitis, 1990; Zhang et al., 2014) . So, the origin of the toxicity after short-term exposure probably is from ROS-mediated surface reactivity of {100} facets of polyhedral Cu 2 O nanocrystals. Although there exists Cu dissolution on all the nanocrystals after short-term exposure, the released Cu ion level was too low to cause an obvious decline in cell viability ( Figure 5C ).
After long-term exposure, polyhedral Cu 2 O nanocrystals showed a completely different toxicity mechanism from that after short-term exposure, and total surface property was found to be closely correlated with the toxicity (Figure 2C ). Further Cu dissolution study indicated the released Cu ions also showed a good correlation with the toxicity (Figure 8B ), meaning there exists an intense relationship between total surface and Cu dissolution. Actually, the Cu dissolution analysis according to the {100}, {111}, and total surface of nanocrystals confirmed that only the total surface showed consistent trend with Cu dissolution ( Figure 8C-E) , meaning the Cu dissolution occurred on the whole surface that includes both {100} and {111} facets. Obviously, the total surface-dependent toxicity after long-term exposure should be caused by the released Cu ions from the whole surface of nanocrystals. ROS was not considered as a major factor to trigger the toxicity after this long-term exposure because Cu dissolution could thoroughly damage the crystal structures and atom arrangements of polyhedral Cu 2 O nanocrystals, leading to disappearance of oxygen vacancy and hydroxyl radicals.
Actually, the Cu þ ions on {100} facets probably are released more readily than those on {111} facets. Cu 2 O nanocrystals belong to the cuprite structure, where {100} surface is either positively or negatively charged due to alternately stacking of Cu þ cations and O 2À anions along the {100} directions (Le et al., 2009; Schulz and Cox, 1991) and {111} surface has Cu þ cations sandwiched between two planes of O 2À anions along the {111} direction (Schulz and Cox, 1991) . These atom arrangements mean that the {100} surfaces are polar, whereas {111} surface are non-polar, resulting in the higher surface energy of {100} facets compared with {111} facets (Bendavid and Carter, 2013; Lee et al., 2011a; Zheng et al., 2009) , which probably leads to the more favorable Cu þ ion releasing from {100} facets than that from {111} facets. Although there is no study to demonstrate that {100} facet of Cu 2 O nanoparticles is more favorable for Cu þ ion image of (A) shows that the released hemoglobin appears red in the supernatant when RBC were exposed to 50 lg mL À 1 of nanocrystals, and from left to right, it is octahedron-, T-octahedron-, cuboctahedron-, and cube-treated RBCs.
releasing than {111} facet, a similar conclusion has been made on Ag 2 O nanoparticles 
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